Wavelength division multiplexing (WDM) is currently used extensively in optical fibre networks to enhance the carrier capacity of optical fibres where each wavelength in a multiwavelength bunch is assigned to a particular communication channel. 5 In these types of networks, wavelength manipulation is essential for data routing, and optoelectronic shifters are employed to perform wavelength shifting; the optical signal is converted to an electrical signal and then back into an optical signal at a different wavelength. This creates an undesirable speed bottleneck. In order to overcome this problem, as well as to increase the bandwidth, all-optical networks have been proposed that would succeed their electrical counterparts. For these types of networks new types of optical devices are required that directly manipulate communication channels to shift their wavelength across the optical fiber bandwidth.
Non-linear processes in semiconductor devices have the potential to fill this technological gap where two wavelengths in a nonlinear material can be mixed to generate the sum or difference frequency, effectively shifting the original wavelengths. 3 Normally, however, these techniques are based on the small bulk non-linearities of the material, and demand phase matching for a long interaction length and/or high pump powers. These considerations can be overcome by using resonant non-linearities of quantum wells 6, 7 which are orders of magnitudes greater than those of the bulk, permitting much shorter interaction lengths. Indeed considerable investigations have been undertaken of the wavelength shift of near infrared (NIR) beam in the presence of an intense THz beam in a quantum well system. [8] [9] [10] [11] These studies were based on enhanced non-linear susceptibilities where the near-infrared beam was resonant with excitonic interband transitions and the THz beam was resonant with excitonic intersubband levels. The resonances could be modified to engineer the wavelength shift by changing the quantum well geometry 10 or by the application of an external electric field 12, 13 and large efficiencies (0.1% -0.2%) could be obtained. 14, 15 A NIR beam E NIR (red arrow) is coupled into the QCL cavity and resonantly tuned with an interband transition implying hole and electron states. As a result the difference frequency is generated E NIR -E QCL (dark red arrow), via a virtual state and the THz photon (green arrow), which is below the bandgap and therefore avoids absorption. 10 (The reverse situation also occurs with an excitation at the virtual transition to generate the sum frequency, E NIR +E QCL , at the bandgap). With this calibration taken into account an efficiency of 0.13% is determined.
The inset of figure 3a shows the interest of this technique for THz detection. A high resolution spectrum of the sideband (with the pump at 1.528eV) showing many modes is shown which is an exact replica of the QCL Fabry Perot emission and which was taken in less than a second. This shows that this wavelength conversion allows one to measure and upconvert the THz emission of the QCL to the near-infrared. Further, these measurements used standard CCD camera technology for detection. The spectrum exhibits a 1.2 GHz resolution which is comparable to that of a considerably slower high resolution FTIR spectrometer.
The resonant nature of interaction can be seen in figure 3a where spectra for several pump wavelengths and their corresponding difference frequency for a TM pump polarisation are shown. For clarity, the curves have been normalised by setting the pump wavelength intensities to one. As the pump energy is increased from 1.522eV to 1.534eV the difference To identify the states involved in the nonlinear process, the photoluminescence (PL) from the QCL was investigated (Figure 4b ). As the PL emission is given by the transitions having the lowest energy, i.e. involving heavy holes states, it is compared to the efficiency curve for a TE polarization of the NIR pump (figure 4a, red squares). The TE efficiency is also plotted as a function of the difference energy E NIR -E QCL (green circles). Firstly, regarding the resonances in the efficiency at the pump beam energies (red squares), the main peak corresponds to the shoulder in the PL spectrum at 1.525 eV and that the higher energy and broader resonance corresponds to a transition around 1.527 eV. Secondly, no peaks are seen in the PL in the difference energy range (green circles) illustrating that there are no resonant transitions and confirming that the wavelength conversion is realized through a virtual state below the bandgap. (The small shoulder at 1.519eV is due to PL from the GaAs substrate). It is possible to estimate the second order susceptibility, χ
, from the efficiency, η:
where P d (n d ), P NIR (n NIR ), P QCL (n QCL ) are the intensities (refractive indices (~ 3.6)) of the generated beam, the input NIR pump, and the THz QCL respectively, L is the cavity length of the QCL (1.5mm), λ d is the generated wavelength (818nm) and S is the interaction area defined as the modal overlap between the three interacting waves (8000 µm 2 ) [17] . The 
Taking the maximum efficiency of 0.13 %, a second order non-linearity of ~1×10 4 pm/V is determined. This is rough agreement with previous studies which have shown interband nonlinearities in the range of 10 2 -10 4 pm/V for quantum wells 27, 28 confirming that the nonlinear susceptibility is enhanced by the resonant excitation. 29 We have shown that the resonant interband properties of a QCL can be used for efficient frequency mixing through enhanced nonlinearities. The perspectives on this work are wide ranging. The wavelength shift can be engineered to any desired THz value 30 and can be equally applied to MIR QCLs, 31 where the wavelength shift is much greater and can be used to shift between different telecommunication bands 32 . As well as room temperature and high use of NIR technology for the detection of THz emission or providing a NIR-THz link for free space telecommunications. On a more fundamental side, this work also opens up the possibility of studying high THz-optical field interactions using compact and powerful QCLs, previously reserved to entire facilities such as the FEL.
In conclusion an efficient wavelength converter based on a compact QCL was demonstrated.
Frequency conversion with high efficiencies was realised through the enhancement of the non-linearity where the pump is resonant with interband transitions, combined with the high THz intra-cavity power density. These developments show the potential of QCLs as novel optical components for the all-optical telecommunication networks.
Methods
QCLs operating at 2.8THz using GaAs/AlGaAs quantum wells and based on a boundto-continuum design were employed (12µm active region thickness). Samples were processed into a single plasmon geometry with a ridge width of 250µm and a cavity length of 1.5mm.
The samples were operated in continuous wave at 10K. (See supplementary material S1 for the optical and electrical characteristics as well as the spectrum). As the bandgap of GaAs is in the near-infrared, the interband pump was sourced from a CW Ti:Sapphire laser that also allowed a large wavelength tunability and permits the correct interband resonance excitation to be found. 100 µW of NIR pump power was used with a coupling efficiency of ~20%, resulting in ~20µW coupled into the QCL cavity. Low powers for the input NIR beam were used so as not to affect the QCL performance. This was verified by confirming that the threshold current observed in the change in differential resistance of the VI did not increase with the coupled NIR beam. The transmitted NIR beam is collected at the opposite facet using a high numerical aperture objective and analysed using a spectrometer coupled to a thermoelectrically cooled CCD camera. Energy (eV)
